from the wild type (Gooley and MacKenzie, 1990 ; Gooley that the substitution of proline 30 by alanine (P30A) of et al., 1991) . Moreover, proton chemical shift data suggest Drosophila melanogaster and rat cytochromes c exhibited that the conserved hydrogen bond is present in P35A, although decreased stabilities in both the heme iron-methionine the hydrogen-deuterium exchange constant for the histidine sulfur (Fe-S) bond and overall protein conformation. Now N π H increases (Gooley and MacKenzie, 1990 ; Gooley et al., we have found that the stability properties of the equivalent 1991, 1992 ). Here we have extended the characterization of mutant of Rhodobacter capsulatus cytochrome c 2 (P35A)
Rb.capsulatus P35A to its stability properties. are somewhat different. Based on optical and NMR spectroscopies, the Rb.capsulatus P35A alkaline transition (pK alk ) was found to be unchanged with respect to the wild type, Materials and methods suggesting that the mutation in Rb.capsulatus cytochrome Genetic procedures for the preparation of Rb.capsulatus P35A c 2 has little effect on the stability of the Fe-S bond.
have been described previously . WildHowever, Rb.capsulatus conformational stability was found type and mutant cytochromes c 2 were prepared as in Caffrey to be decreased by 1.6 kcal/mol in the oxidized state. . Optical methods for the determination of pK alk difference in the stability properties of the equivalent and conformational stability have been described elsewhere proline to alanine substitutions in various species under- . Proton scores the importance of studying mutations in more than NMR spectra of 0.5-1.0 mM samples of ferricytochrome c 2 one species before drawing generalizations about the role were recorded on a Bruker AM500 with a sweep width of of conserved residues in protein structure and function.
45 000 Hz, 16 000 data points and 1000 transients at 30°C. Keywords: 695 nm band/NMR/protein stability/site-directed Spectra were Fourier transformed after zero filling to 32 000 mutagenesis data points and baseline corrected with a polynomial. NMR samples were unbuffered in 100 mM NaCl in D 2 O, with the reported pH corresponding to meter readings uncorrected for Introduction isotope effects. Sample pH was determined before and after The equivalent of proline 35 in Rhodobacter capsulatus each NMR spectrum to ensure pH stability. The wild-type cytochrome c 2 is highly conserved in class 1 c-type and P35A heme methyl and methionine 96 resonances were cytochromes (Meyer and Kamen, 1982) . Examinations of the assigned by saturation transfer experiments (Feng et al., 1990) . structures of tuna cytochrome c and Rhodospirillum rubrum cytochrome c 2 have led to the suggestion that the unique steric
Results and discussion properties of the conserved proline are important in orientating the protein backbone with respect to the heme group, and that
The 696 nm absorbance of ferricytochromes c is thought to reflect the environment and strength of the heme iron-methionthis orientation results in a stabilizing hydrogen bond between the heme-ligating histidine N π H and the conserved proline ine sulfur bond (Schechter and Saludjian, 1967; Pearce et al., 1989) . Determination of the pK for the loss of this absorbance carbonyl (Dickerson et al., 1971; Salemme et al., 1973) . The high-resolution structure of Rb.capsulatus cytochrome c 2 (i.e. the alkaline transition) is a measure of Fe-S bond stability. In Figure 1 , pH titration of the P35A 696 nm absorbance band indicates that this hydrogen bond also occurs (Benning et al., 1991) . Interestingly, substitution of the conserved proline by is compared with that of the wild type. In the case of P35A, pK alk cannot be distinguished from the wild-type value of 8.9 leucine or threonine in yeast cytochrome c results in functional cytochromes (Hampsey et al., 1986; Wood et al., 1988) . . Thus, according to optical spectroscopy, the mutation in Rb.capsulatus cytochrome c 2 has Similarly, substitution of the equivalent proline by alanine and valine in rat cytochrome c, as well as substitution by alanine no measurable effect on the stability of the Fe-S bond. Because this result is different from that observed in other species in Drosophila melanogaster cytochrome c, results in functional (Koshy et al., 1990) , we felt that it should be confirmed by Experimental conditions were 1 mM ferricytochrome c 2 , 100 mM NaCl in another method.
An alternative measure of pK alk is the broadening and disappearance of the methionine ε-CH 3 NMR resonance over the pH range 7-11. At pH 7.7, this resonance occurs at -8.4
9.45 Ϯ 0.18 for P35A. When corrected for the 0.4 pH unit effect of D 2 O on pH measurement (Glasoe and Long, 1960) , and -4.4 p.p.m. for the wild type and P35A, respectively, as shown in Figure 2 . The disappearance of this resonance in the the average pK values are 9.2 Ϯ 0.2 and 9.0 Ϯ 0.2. These values are within experimental error of being the same as wild type and P35A suggests apparent pKs of 9.66 and 9.37, respectively, as shown in Figures 3 and 4 . The 0.3 pH unit those for loss of the 695 nm band at pK 8.9. Therefore, both the optical and NMR titrations indicate that substitution of the difference in pK alk may be a consequence of the dynamics of the P35A native form giving rise to a broader spectrum than conserved proline of Rb.capsulatus cytochrome c 2 has little, if any, measurable effect on the stability of the Fe-S bond in that of the wild type and overlap with other peaks, resulting in less reliable data. This apparent broadness is again observed terms of the alkaline transition. In contrast, the equivalent proline to alanine mutations in rat and D.melanogaster for the heme methyls of P35A with respect to the wild type (Figure 2) , and is not an artifact because the alkaline forms of cytochromes c exhibited a decreased pK alk of~1 unit as determined by optical spectroscopy (Koshy et al., 1990 ). P35A and wild type exhibit similar line widths. Moreover, the shifts from the neutral to the alkaline form of the heme methyl
The overall conformational stabilities of the Rb.capsulatus wild type and P35A were assessed by a Gdn-HCl titration of resonances occur at similar pKs as the disappearance of the methionine methyl in both the wild type and P35A (Figures 3 the 222 nm CD signal. In Figure 5 , the fraction of unfolded cytochrome was plotted as a function of Gdn-HCl concentraand 4). The average apparent pK values for the four heme methyl groups, the methionyl methyl and the three alkaline tion for wild type and P35A. Note that the most reliable indicator, the midpoint concentration of Gdn-HCl for denaturpeaks, ABC (Figure 2 ), are 9.59 Ϯ 0.16 for wild type and of the hydrogen bond may be altered, resulting in reduced strength of the hydrogen bond, in the iron-histidine bond and ation (C m ), has been decreased significantly for P35A, indicatin the iron-methionine sulfur bond. Further characterization is ing that the mutation caused substantial destabilization. This necessary to determine the importance of each of these factors. observation is in agreement with urea denaturation of the However, we note that most of the conformational instability equivalent alanine substitutions of rat and D.melanogaster of Rb.capsulatus P35A can be accounted for by the decreased cytochromes c for which the midpoint also decreased (Koshy hydrophobicity of the substituting alanine group. Based on the et al ., 1990) . The ∆G u was obtained by extrapolation using free energy for the transfer of proline and alanine from octanol the average slope of the unfolding curve (2.3 kcal/mol 2 ), to water, proline to alanine substitutions can be expected to resulting in a ∆G u value of 3.54 kcal/mol for wild type and decrease conformational stability by 1.5 kcal/mol because of 2.07 kcal/mol for P35A. Thus, P35A is 1.5 kcal/mol less stable hydrophobic effects (Sharp et al., 1991) . At present, we are than wild type. The stabilities of both redox states are expected extending characterization of the P35A structural properties to be affected to equivalent degrees based on the small change by X-ray crystallography and NMR spectroscopy experiments. of 8 mV in the P35A redox potential (Gooley et al., 1991) (cf. It is anticipated that these structural characterizations, as well Caffrey and Cusanovich, 1994 , for a discussion of correlations as future substitutions at this site in other species, will elucidate between the mutational effects on redox potential and conthe role of the conserved proline in cytochromes c. Nonetheless, formational stability).
our results suggest that proline 35 of Rb.capsulatus cytochrome The decreased conformational stability of Rb.capsulatus c 2 is more important to the overall conformational stability of P35A can be accounted for by a number of factors which the protein than it is to the stability of the Fe-S bond. This include perturbation of the hydrogen bonding, entropic, van latter point is in contrast to the previous observations on the der Waals and hydrophobic interactions. For example, the equivalent mutations in D.melanogaster and rat cytochromes instability of D.melanogaster and rat P35A mutants is c (Koshy et al., 1990) . Consequently, it may be important to reportedly caused by a loss of the conserved hydrogen bond characterize equivalent mutations in more than one species between the proline carbonyl and the heme-ligating histidine before generalizing about the role of conserved residues in N π H; however, this hydrogen bond is clearly present in the protein structure and function. This underscores previous Rb.capsulatus mutant (Gooley and MacKenzie, 1990 ; Gooley conclusions regarding mutagenesis (Caffrey and Cusanovich, 1994; Koshy et al., 1994 Koshy et al., ). et al., 1991 . It is certainly possible that the length and angle Received March 27, 1996; revised August 12, 1996; accepted August 13, 1996 [Gdn-HCl] for Rb.capsulatus wild-type ferricytochrome (d) and P35A ferricytochrome (s). The parameter f u is defined by (X obs -X i )/(X f -X obs ), where X obs , X i and X f are the observed, initial and final CD signals at 222 nm, respectively. (B) The free energy of unfolding ∆G u . The midpoints for unfolding are 1.5 and 0.9 M for wild type and P35A, respectively. Buffer conditions were 20 mM Tris-HCl, pH 7.5, 40 mM NaCl and 0.0-6.0 M Gdn-HCl at 25°C. Wild-type values were taken from Caffrey and Cusanovich (1991) .
